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Many microorganisms can attach to or form biofilms on food equipment 
surface. The microorganisms for the contaminated surface are often hard to be 
inactivated. The attachment and biofilm formation by the microorganisms on 
food contact surfaces could cause cross contamination, reduce food quality, and 
threaten public health. Ultrasound coupled with low concentration neutral 
electrolysed water (NEW), whose free available chlorine (FAC) was 4 mg/L, 
was proposed for sanitising stainless steel coupons which mimicked the food 
equipment especially for organic food processing. Three nonpathogenic 
microorganisms were selected as representative bacteria, molds and yeasts for 
microorganisms existed in food processing environment. For planktonic cells, 
NEW could effectively reduce survival population of Escherichia coli ATTC 
25922 and Pichia pastoris GS115 for 5 min and 3 min, respectively, while the 
NEW sanitising ability for Aureobasidium pullulan 2012 was affected by cells’ 
concentration. For air-dried attached microbial cells, no more than 1.2 log 
CFU/coupon was reduced by NEW compared to distilled water (DW) control. 
Apparently, the attached cells were not as readily accessible to NEW as 
planktonic cells. In the AFM study, both E. coli ATTC 25922 and P. pastoris 
GS115 showed visible cell damage after NEW treatment. When NEW was 
combined with ultrasound (frequency: 37 kHz, effective ultrasonic power: 150 
W), the air-dried cells of the three strains on coupons were reduced below 
detection limit of 2 log CFU/coupon. Besides, the cells in suspension were also 
reduced below the detection limit of 2 log CFU/mL. In the protein leakage 
study, the protein concentration in suspension for E. coli ATTC 25922 and P. 
 vi 
 
pastoris GS115 increased by 1.41 and 1.73 μg/mL, respectively after 3 min 
treatment, which then were stayed relatively stable. The increased protein 
leakage suggests that the combined treatment could intensify microbial cells’ 
membrane permeability.  In the case of biofilms, NEW combined with 
ultrasound also significantly reduced the survival cells both on coupons and in 
suspension for all three strains. The results suggest that NEW combined with 
ultrasound is a promising approach to sanitise food equipment effectively.  
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CHAPTER 1      INTRODUCTION  
 
1.1 General introduction 
 
The persistence of microorganisms on food could cause spoilage and reduce the 
quality and quantity. Some of them could be pathogens, which even could 
threaten the public health[1]. Moreover, attachment and biofilm formation by the 
microorganisms on food contact surfaces could cause cross contamination when 
food contacted contaminated surfaces during the food processing[2]. Food safety 
could be improved after reducing the bacterial contamination during food 
producing process. With the increase of the awareness of the diet health, 
sanitisation has played more important role in the preservation of food quality 
and safety[3].  
 
Since last decade, there has been a significant expansion of organic food, which 
is produced by environmentally and biologically friendly farming methods. 
However, most of the sanitisers are banned to be applied for organic food, due 
to the risk to health and strict regulation of organic sanitisation. For example, 
the free available chlorine (FAC) of organic food sanitisers should be no more 
than 4 mg/L, and the sanitisation effect of this low concentration of chlorine 





1.2 Surface adhesion of microorganisms 
 
Microorganisms have tendency to attach to surfaces which includes two types: 
reversible attachment and irreversible attachment. There are two mechanisms 
for the adhesion of microorganisms. Generic and weak nonspecific forces work 
in the approaching of cells to surfaces; which could lead to reversible 
attachment, such as van der Waals force. The microorganism cells still exhibit 
Brownian motion during this attachment.  And then specific forces would take 
place when the cells are much closer to the surface. It mainly depends on 
production of extracellular polymeric substance (EPS) and short range forces, 
such as hydrogen bonds, ionic/covalent bonding[4].  
 
The attached microorganisms could have two states: air-dried state and biofilm 
state. Both of them in food processing environments would increase the risk of 
microbial contamination of the food product.  
 
1.2.1 Biofilm formation 
 
Biofilm is a community of microorganisms formed on both natural and artificial 
surfaces. It is serious health risk problem in food processing[5]. The 
characteristics of cells, materials and roughness of the surfaces, and the 
environmental conditions are factors responsible for the adhesion behaviour. 




The microorganisms tend to attach on the contact surfaces and to form biofilms. 
In general, most materials are vulnerable to biofilm formation, such as metal, 
plastic and glass[7]. The microorganisms would form the biofilm partly by 
generation of EPS, which could strengthen the bond between the bacteria and 
the surfaces and even contribute to stabilise the colony form environmental 
stress[8]. 
 
The microorganism on food processing contact surfaces could contaminate the 
food product, affect the sanitising treatments, and then reduce the shelf life and 
quality. It could spread the foodborne disease potentially affecting the public 
health. Moreover, the cells also could cause corrosion effects on the processing 
equipment[9]. In addition, microorganisms living in the attached state show great 
difference from their freely suspended counterparts, planktonic 
microorganisms[1]. 
 
1.2.2 Attached cells’ resistance to sanitisers 
 
Microorganisms in attached state, especially biofilms are likely to show more 
strong resistance to sanitisers compared to planktonic cells. There are a number 
of potential mechanisms proposed to explain the resistance of biofilm to 
sanitisers. Several biofilm characteristics contribute to this enhanced resistance.  
 
Firstly, the biofilm was likely to hinder the sanitisers’ diffusion and penetration 
into biofilm by size exclusion and electrostatic interactions[10]. The barrier was 
mainly provided by the EPS. Therefore, the accessibility of sanitisers to cells 
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embedded in biofilms would be limited. And EPS was not intrinsic attribute of 
biofilm cells[11]. The resistance of Escherichia coli O157:H7 to chlorine 
increased significantly as cells formed biofilm on coupons; the production of 
EPS and curli increase the resistance of E. coli O157:H7 to chlorine[2]. For 
fungus, nine Candida dubliniensis strain biofilms showed more resistance to 
antifungal compared to their planktonic counterparts[12].  
 
Secondly, the cells in biofilm would tend to reduce the growth rates, and then 
restrict the cells’ uptake of sanitisers. Moreover, there would be some persisted 
cells in the biofilms, which could tolerate sanitisers[1].  
 
Thirdly, the up-regulation or down-regulation of some specific genes was found 
in the biofilms. For example, the genetic expression of certain sanitiser-resistant 
phenotypes may affect the efficacy of sanitisers[2]. There was a study showing 
that over 70 genes in biofilm-associated cells were altered. In addition, there 
were some adapted cells existing in the biofilms, which had developed greater 




Sanitiser could eliminate or kill a significant portion of microorganisms 
contained in a fluid or existed on a surface by physical or chemical process[13]. 
And it should be adapted to work on various kinds of microorganisms. The 
common used sanitisation methods can be divided into physical sanitisation 
(such as ultrasound, radiation, UV-light) and chemical sanitisation[14]. The 
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chemical sanitisation was most widely used, and it includes various sanitisers, 
such as chlorine, chlorine dioxide, hydrogen dioxide, ozone, organic acid, 
peracetic acid, and electrolysed water. More information about these sanitisers 




Hypochlorite solution is an effective, economic, widely used sanitiser. However, 
it suffers from various drawbacks including producing toxic by-products. 
Although chorine has been widely used as a sanitiser in food processing, it could 
lead to the production of carcinogenic disinfection by-products (DBPs). 
 
Several reports studied the sanitising effect of chlorine on the biofilm. 
Salmonella typhimurium biofilm on stainless steel with different finish was 
treated by 50 mg/L chlorine for 10 min. The disinfection effective was ranging 
from 0.231%-0.005%[15]. Treatment with 50 mg/L chlorine could inactivate 
planktonic cells of all strains within 1 min. For E. coli O157:H7 43895-EPS 
biofilm, the population decreased from 8.2 to 4.3 log CFU/coupon. And the 
population of strain 43895+ (curli-overproducing mutant) did not decrease even 
for up to 5 min treatment[2]. Therefore, the use of chlorine for biofilm was 
limited. 
 
1.3.2 Chlorine dioxide (ClO2) 
 
ClO2 is a strong oxidising agent and can be used as a sanitiser. It has effective 
and broad bactericidal activity. Besides, it is less corrosive compared to 
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chlorine[16]. Previous reports pointed out that ClO2 has satisfactory sanitising 
ability for various microorganisms. The minimal fungicidal ClO2 concentration 
for Saccharomyces cerevisiae was 10 mg/L, the minimal treatment time was 10 
min. Besides, it could inhibit key enzyme activity[17]. ClO2 was the most 
effective sanitiser against Bacillus species under all test conditions, compared 
to quaternary ammonium compounds and peroxyacetic/peroxyoctanoic acid[18]. 
However, ClO2 is explosive, and its sanitising efficacy is pH dependent, and 
final water rinsing was required. Those limitations prevent its application. 
 
1.3.3 Hydrogen peroxide 
 
H2O2 has highly oxidising capacity and could produce free radicals to affect the 
biofilm matrix. In addition, H2O2 is not likely to cause allergic reactions. 
Therefore, H2O2 is a safe and effective sanitiser
[7]. However, H2O2 is 
phytotoxicity, which could induce extensive browning when used for sanitising 
vegetables. And its efficiency is largely depended on its concentration. 
 
A concentration of 2% H2O2 achieved significantly reductions of E. coli 
O157:H7 on baby spinach compared to the distilled water and chlorine with 200 
mg/L free available chlorine (FAC)[19]. When sanitising lettuce leaves with 2% 
H2O2 at 50ºC for 60 s, more than 4 log reductions of E. coli O157:H7 and 
Salmonella Enteritidis were achieved. It revealed that it was effective in 






Ozone (O3) is a powerful antimicrobial agent with numerous potential 
applications in the food industry. High reactivity, penetrability, and spontaneous 
decomposition to nontoxic product make ozone a safe sanitiser for food 
products[21]. After ozonised water treatment, the total bacterial counts on 
Chinese cabbages reduced 90%, and achieved 3 log reductions of bacteria on 
carrots[22], 1.6 log reductions of bacteria on lettuce[23]. However, its operation 
cost is too high to be applied in many situations. 
 
1.3.5 Organic acids 
 
Organic acids have been used as alternatives to traditional sanitisers for recent 
years. They are natural compounds and are regarded as “Generally Recognized 
As Safe (GRAS)”, which are suitable for organic food product[24]. The ability 
of weak acids to disinfect microorganism mainly depends on membrane 
disruption, stress on intracellular pH, and inhibition of metabolic reactions[25]. 
The sanitising efficacy of organic acids is widely recognised.  
 
Generally, Gram-positive bacteria are more susceptible to organic acids 
compared to Gram-negatives. Medium-chain fatty acids are more effective than 
other more polar acids. Caprylic acid could inhibit glucose utilisation.  Lauric 
acid could cause damage of cytoplasmatic structures of Clostridium 
perfringens[26]. Different microorganisms showed different susceptibilities to 
organic acids. A mixture of 0.5% acetic acid and 2% malic acid inhibited 60% 
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growth of Bacillus cereus while 1% acetic acid and 10% tartaric acid inhibited 
70% growth of E. coli[24]. Organic acidic formulation was used as sanitiser, 
whose active agents were 66% citric acid and 3.6% sodium dodecyl benzene 
sulfonate (SDBS, surfactant). It was the most effective sanitiser against 
microorganisms in Feliciano’s research[27]. Using several organic acids to 
treatment organic apple and lettuce could significantly reduce three foodborne 
pathogens, without compromising the colour of the food product[28].  
 
However, using organic acids as a sanitiser would cause the Chemical oxygen 
demand (COD) increasing of the treatment water, due to that the added acids 
increased the amount of organic substance[29]. And it usually took longer time 
for sanitising that influenced the efficiency.  
 
1.3.6 Peracetic acid 
 
Peracetic acid is a result of the reaction between hydrogen peroxide and acetic 
acid, or by the oxidation of acethaldehyde. It is considered as an ideal sanitiser 
due to its strong oxidising capacity. It could be decomposed into safe and 
environmentally friendly residues[7]. Peracetic acid was efficient in removing 
adhered cells. It could reduce 5.26 and 4.5 log CFU/cm2 for adhered cells on 
stainless steel and glass surfaces, respectively, but failed to completely remove 






1.3.7 Electrolysed water 
 
The electrolysed water is produced by the electrolysis of a dilute sodium 
chloride solution. It is economic, safe, and has high bactericidal efficiency, 
broad bactericidal spectrum, and it does not produce toxic residues. Based on 
these characteristics, electrolysed water has been widely reported as a sanitiser 
in food processing and health care industry.  
 
It has strong antibacterial action mainly due to the HClO compounds. As a new 
type of sanitiser it could be divided into two types based on the pH value. One 
is acidic electrolysed water (AEW), showing effective bactericidal activity for 
inactivating many pathogens. However, its application is limited because of the 
low pH, corrosion, irritation, phytotoxicity and safety issues from Cl2 gas-off
[30]. 
The other is neutralised electrolysed water (NEW), which could effectively 
inactivate the microorganisms on food product without significantly affecting 
the nutritional values and quality attributes.  
 
There are many reports on the bactericidal activity of NEW. NEW containing 
50 mg/L FAC could reduce 1-2 log units for several microorganisms on lettuce, 
and it was similar to chlorinated water containing 120 mg/L FAC[30]. There were 
no survival population of Aspergillus flavus after treated by NEW 90s and AEW 
120 s, respectively with 30 mg/L FAC[31]. For reducing background and 
pathogenic bacteria on spinach, there was no significant difference between low 
concentration electrolysed water and AEW, and the effective was better than 




Table 1-1 summarises the advantages and limitations of these sanitisers were  













Hazardous DBPs  







Explosive /Efficacy is pH dependent 
Not efficient at permitted levels 
Final water rinsing is required 
[16,18] 
H2O2 No residue; 
Phytotoxicity, induces extensive 
browning 
Low concentration is not efficient 






Short contact time;  
No residue problem;   
GRAS  
Toxic when inhaled; 
Corrosive above 4 mg/L; 





Long contact time; 
Relatively lower antimicrobial 
efficacy 





by temperature and 
organic maters; 













1.4 Ultrasound  
 
1.4.1 Ultrasound treatment 
 
Recently, ultrasound has been applied as a sanitising agent in food processing 
based on its strong physical and chemical effects on microorganisms. Besides, 
its bactericidal efficiency is less affected by many factors compared with 
traditional chemical or physical treatments. Moreover, the reduction of 
microorganisms by ultrasound is mainly due to the cavitation phenomenon.  
 
The hydromechanical shear forces and sonochemical reactions take place in 
cavitation phenomenon, which is responsible for bactericidal effect. Besides, 
the low frequency ultrasound was found more effective sanitising than high 
frequency ultrasound. During ultrasound treatment, the microscopic bubbles are 
generated in the surface and crevice of the submerged produce, and keep 
growing until they implode. The power of bubbles imploding is the 
hydromechanical shear forces, which could cause detachment and inactivation 
of pathogens from the produce. The OH. radicals produced from the collapsing 
bubble are also important in sanitising process[33]. 
 
Treatment with ultrasound alone may not be adequate for use by the food 
industry because of low sanitation effect and long treatment time. In Forghani’s 
research, ultrasound was used to treat lettuce. The highest reduction was 0.35 
log CFU/g in case of 400 W/L acoustic energy density (AED). Ultrasound with 




1.4.2 Ultrasound combination treatment 
 
Ultrasound treatment in combination with sanitisers could be developed as a 
practical and effective short-time food processing intervention for inactivating 
and detaching foodborne pathogens. 
 
According to previous reports, combined treatment of ultrasound with other 
sanitisers would increase the effectiveness of inactivating the pathogens. The 
combined treatment of ultrasound and organic acids for 5 min on organic fresh 
lettuce achieved additional 0.8 to 1.0 log reductions compared to organic acids 
alone for 5 min without degrading quality[36]. Ultrasound combined with ozone 
and ClO2 to treat strawberry showed more beneficial for quality during the 
storage life compared with individual treatment[37].  
 
1.5 Objective and scope of study 
 
In this research, I studied the low concentration NEW (FAC: 4 mg/L) as a 
sanitiser, which could be used in organic food processing. To my best 
knowledge, there have been no published studies regarding the use of 
combination ultrasound and low concentration NEW as a sanitising treatment 
method. Nevertheless few studies have been carried out on the sanitising for 




This study was undertaken to determine the sanitising effect of DW (deionised 
water), NEW with or without ultrasound on E. coli ATTC 25922, P. pastoris 
GS115 and A. pullulans 2012, in three states: planktonic state, air-dried 
adhesion state on coupons, and biofilm state on coupons. Kinetics study for the 
NEW and NEW combined ultrasound sanitising treatment on air-dried cells on 
coupons was also investigated. Therefore, the aim of this research was to assess 
the effect of the combination treatment in a washing operation for 
decontamination of stainless steel coupons, and to develop a practical and 
effective sanitising process for inactivating and detaching bacteria on the food 
contact surfaces. 
 
A summary of the various phases of the study is shown in Fig. 1-1. 
 
Fig. 1-1 Summary of the various phases of the study 
NEW (ACC: 4 mg/L) 
Planktonic cells：  
Sanitising effect of NEW 
Sanitise biofilm on coupons Sanitise air-dried cells on coupons 
Combined with ultrasound 
The kinetics for the NEW and 
NEW combined with ultrasound  
AFM study of the cells on coupons 
for NEW treatment 
The intracellular protein leakage 





In addition, it is critical to understand the mechanism of sanitising treatment. 
Furthermore, for air-dried cells on coupons, the disinfection mechanism of 
NEW on the permeability of cell membranes was studied by atomic force 
microscopy (AFM). The protein leakages of the strains, during NEW and 
ultrasound combination treatment, was studied by UV-visible absorption 
spectra. These results would provide a solid foundation for further research of 
electrolysed water and the application of ultrasound.  
 
1.6 Main Innovation Points 
 
1) There has been no research about the electrolysed water combined with 
ultrasound to treatment the planktonic cells,  the air-dried cells or biofilms 
on stainless steel coupons. 
 
2) In this research, the electrolysed water is neutral and low concentration with 
4 mg/L FAC. It could be used for the organic food process. However, in 





CHAPTER 2      MATERIALS AND METHODS 
 
2.1 Bacterial strains and culture conditions 
 
E. coli ATTC 25922 was selected, which was non-pathogenic. It was used as a 
surrogate in lieu of E. coli O157:H7, due to that the two strains exhibited similar 
growth characteristics and surface attachment properties[38]. E. coli ATTC 
25922 was incubated on tryptic soy agar (TSA, Oxoid, Britain) at 37ºC for 24
±2 h in the incubator (YIHDER, LM-530RD, China). Then the cells from the 
colony were still subcultured into 10 mL tryptic soy broth (TSB, Oxoid, Britain) 
for 24 h at 37ºC.  
  
Pichia pastoris GS115 was selected as a species of methylotrophic yeast, and 
Aureobasidium pullulans 2012 was a representative of fungus[39]. The two 
strains obtained from College of Food Science and Technology, Nanjing 
Agricultural University. They were collected from wastewater near starch 
processing plant. From the stock culture, P. pastoris GS115 and A. pullulans 
2012 were incubated on potato dextrose agar (PDA, Oxoid, Britain) for 36±2 h 
at 30ºC and 25ºC respectively. Then the cells from the two strains’ colonies 
were still subcultured in 10 mL malt extract broth (MEB, Oxoid, Britain) for 48 
h at 30ºC and 25ºC respectively. 
 
The cell densities were studied by spread plating techniques. After the cells 
reached to the stationary phase of growth, the biological samples were subjected 
to a series of 10-fold dilutions, and then the diluted samples (100 μL) of 
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dilutions are spread onto agar plates (TSA for E. coli ATTC 25922, PDA for P. 
pastoris GS115 and A. pullulans 2012). Therefore, the cell concentrations of the 
three strains’ inoculation solutions are determined. The OD600 value of the 
dilutions was also measured by ultraviolet-uisible spectrophotometer 
(Shimadzu, UVmini-1240, Kyoto, Japan). And the relationship between the 
colony forming units (CFU/mL) and the OD600 value of the samples could be 
obtained.  
 
After incubating to attain a stationary phase of growth (ca. 9 log CFU/mL for E. 
coli ATTC 25922, ca. 8 log CFU/mL for P. pastoris GS115, ca. 6 log CFU/mL 
for A. pullulans 2012), the cells were harvested by centrifugation at 20°C, 8 200 
×g for 6 min by centrifuge (Eppendorf, Centrifuge 5804 R, Germany). The 
harvested cells were washed twice in PBS (phosphate buffer saline, pH: 7.2). 
Then the pellets were suspended in the same buffer (near to same volume). For 
E. coli ATTC 25922, P. pastoris GS115 and A. pullulans 2012, the inocula were 
adjusted to obtain the OD600 value of ca. 1.26, 1.42 and 0.38, respectively, which 
was equivalent to ca. 9, 8 and 6 log CFU/mL. In attached cells part, for A. 
pullulans 2012, the inoculum concentration was 7 log CFU/mL in order to 
detect the survival cells. This inoculums was obtained by concentrating 6 log 
CFU/mL cells solution by centrifugation and 1/10 volume resuspension.  
 




The electrolysed water was generated by electrolysis device (Hoshizaki, ROX-
10WB3, Japan) with a continuous supply of dilute salt water (0.9% NaCl in 
deionised water).  
 
From the anode side, the electrolysed acid solution was collected. 
Simultaneously, the electrolysed alkaline solution was collected at the cathode 
side. The NEW was produced by mixing the two solutions together to get a 
neutral pH value (7.0±0.1). The pH value was measured with pH meter (Thermo 
Orion pH meter, California, USA). The desired concentrations of 4 mg/L of 
FAC (free available chlorine) obtained by dilution with sterilized distilled water. 
The chlorine concentration was measured by chlorine test kit (Reflectoquant 
Chlorine test, Chlor-Test 0.5-10.0 mg/L Cl2, Germany). The ORP was 
immediately measured with the ORP meter (HM Digital ORP-200, Atlanta, 
Georgia, USA) immediately after the preparation. The ORP of the low 
concentration NEW was 750 mV. 
 
2.3 Preparation of the stainless steel coupons 
 
The surface used was stainless steel into circle coupons (1 cm in diameter and 
approximately 0.7 mm in thickness, type: 430, Muzeen & Blythe Co., Winnipeg, 
Manitoba, Canada)[40]. Before each experiment, the coupons were immersed in 
200 mL hot 80ºC 15% (v/v) of phosphoric acid solution for 20 min in a water 
bath and rinsed in distilled water, followed by immersing in 200 mL hot 80ºC 
15% (v/v) of alkali detergent solution for 20 min and thoroughly rinsed with 
distilled water. Finally, the coupons were immersed in 200 mL hot 80ºC 
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distilled water, and thoroughly rinsed with distilled water. After dried at 50ºC 
for 24 h, the coupons were sterilised in covered glass beakers by autoclaving at 
121ºC for 15 min[2,41]. 
 
2.4 Treatment of planktonic cells with NEW 
 
The cells concentration of the inoculums were respectively 9, 8 and 6 log 
CFU/mL for E. coli ATTC 25922, P. pastoris GS115 and A. pullulans 2012. 
That was the concentration of their stationary phase. Besides, for A. pullulans 
2012, lower concentration (5 log CFU/mL) was also studied.  
 
Total of 3 mL bacteria suspension was mixed thoroughly with 27 mL NEW in 
sterile 50 mL centrifuge tubes. 1 mL of suspension was removed to sterile 15 
mL centrifuge tubes at different predetermined treatment time (0 to 10 min), 
and then 9 mL neutraliser, containing 5 g/L sodium thiosulfate (Na2S2O3) was 
added. The solution was mixed by shaking the tubes to quench the reaction 
completely[30]. After 5 min neutralising treatment, the mixture was taken as the 
treated sample for further analysis. The control sample was prepared by 
replacing NEW with sterile DW (distilled water). Each test was repeated for 
three times. 
 
The analysis samples (including the treated sample and the control sample, the 
same as mentioned subsequently) were serially ten-fold diluted in sterile PBS. 
100 μL of each sample was plated on the agar in duplicate. TSA was used to 
determine E. coli populations, and PDA was for enumeration of inoculated yeast 
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and mold. The TSA plates were incubated at 37ºC for 24±2 h, and the PDA 
plates were incubated at 25ºC and 30ºC for P. pastoris GS115 and A. pullulans 
2012 for 36± 2 h respectively. The number of the living bacteria was 
determined by viable count method.  
 
2.5 Treatment of air-dried cells on the coupons 
 
2.5.1 Air-dried cells on the coupons 
 
The cell inoculums were prepared as mentioned in 2.1. The cells concentration 
of the inoculums were respectively 9, 8 and 7 log CFU/mL for E. coli ATTC 
25922, P. pastoris GS115 and A. pullulans 2012. The sterile stainless steel 
coupons were placed in sterile Petre dishes (90 mm diameter), in an upright 
position. 100 μL cell inoculums were deposited on each coupon. Theoretically, 
the cells amounts were ca. 8, 7 and 6 log CFU/coupon respectively for E. coli 
ATTC 25922, P. pastoris GS115 and A. pullulans 2012. Then the inoculum was 
air-dried for 20 h in a laminar flow biosafety cabinet[41].  
 
2.5.2 Treatment of air-dried cells 
 
The inoculated coupons were immersed in 15 mL sterile centrifuge tube 
containing 10 mL NEW (sterile distilled water as control). For ultrasonic 
combined method, the tubes were placed in ultrasonic tank (Elmasonic S 30 H, 
Siegen, Germany) during the treatment. The ultrasonic frequency 37 kHz, and 




After treatment for 5 min, coupon was aseptically transferred into 10 mL of 
sterile PBS in 15 mL sterile centrifuge tube containing and 0.2 g sterile glass 
beads (0.2 mm). The tube containing coupon, PBS and glass beads was vortexed 
at maximum speed (Hedidolph, REAX top vortex shaker-AAR 2516, Germany) 
for 1 min to detach the adherent cells. The suspension samples were then serially 
diluted in PBS. 100 μL of the appropriate dilutions or undiluted samples were 
surface plated on agar in duplicate (TSA for E. coli ATTC 25922, PDA for P. 
pastoris GS115 and A. pullulans 2012), and then cultivated at the given 
conditions. The colonies were counted; the survival cells populations on 
coupons before and after treatment were calculated[41,42].  
 
To determine the microorganisms in the suspension after treatment, 1 mL of the 
suspension was removed to sterile 15 mL tubes, and 9 mL neutraliser was added 
as described before. After 5 min neutralisation, a series of 10-fold dilutions were 
made in PBS. Similarly, survival cells in each of the suspension were 
enumerated.  
 
In further, the kinetics of the NEW treatment and NEW combined with 
ultrasonic treatment for cells air-dried on coupons was studied by the similar 
method with more treatment time points. Three coupons were subject to each 





2.5.3 Atomic force microscopy (AFM) study of the NEW treatment  
 
Atomic force microscopy (AFM) could be used to image the surfaces at 
nanometer resolution. In addition, the specimens do not require being metal-
coated or stained. It is a powerful tool to study biological samples[43].  
 
The application of AFM on studying microbial systems has been reviewed by 
Wright[44], This AFM study on the cell adhesion focused on the topographic and 
morphological information. Imaging the air-dried cells in an air condition would 
help to avoid damage the soft adhesion structure and to obtain high-resolution 
images[44]. The morphology of the surfaces of the stainless steel coupons was 
examined by AFM.  
 
In this study, after treatment by DW (control) and NEW (FAC: 4 mg/L), the 
coupons were transferred by the sterile forceps to 10 mL neutraliser, containing 
5 g/L Na2S2O3, and neutralised for 5 min. Then the coupons were placed in a 
laminar flow biosafety cabinet and air-dried for 4 h. The dried coupons were 
examined directly by AFM (TT-AFM, AFM workshop, Signal Hill, CA, USA). 
The AFM analysis was carried out at ambient temperature (25ºC). A 15 μm × 
15 μm image was first captured to assess the exact position of bacterial cells, 
and further less scans area (5 μm × 5 μm) would be focus on any interesting 
features. AFM images were analysed offline by using Gwyddion software. 
 




In order to find out the mechanism of the sanitisation of NEW combined 
ultrasonic treatment for air-dried cells. The intracellular protein leakage was 
measured by UV-visible absorption spectra. Coomassie brilliant blue G-250 in 
free state is brown red. When combined with the protein, it produces blue 
conjugates with the maximal absorption at the wavelength of 595 nm. The 
optical absorption value is proportional to the protein content and can be used 
for the quantitative determination of protein. Therefore, Coomassie brilliant 
blue G-250 is a widely used dye for the determination of trace protein content 
with advantages of simple preparation, convenient operation, sensitive response, 
determination of microgram quantities of protein content, protein concentration 
range of 0-1 000 g/mL. 
 
Amount of 100 mg Coomassie brilliant blue G-250 (sigma) was dissolved in 50 
mL 90% ethanol, followed by adding 100 mL 85% (w/v) phosphoric acid, and 
then diluted with distilled water to 1000 mL volume, and mix thoroughly. The 
solution was required to filter several times for removing the blue floccule to 
avoid effect on the measurement results. It was stored at 4ºC. 
 
Amount of 10 mg Bovine Serum Albumin (BSA, sigma) was dissolved in 100 
mL distilled water, to get 200 μg/mL concentrations. To obtain the standard 
curve, 7 tubes were added solution as shown in Table 2-1. After adding 
Coomassie brilliant blue G-250 solution mixed and stained for 5 min. The 
absorption value at 595 nm wavelength was measured by an ultraviolet-uisible 





Table 2-1 The composition of the reaction systems 
No. of tube 1 2 3 4 5 6 7 
100 μg/mL BSA solution 
(mL) 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 
Distilled water (mL) 1.00 0.95 0.90 0.85 0.80 0.75 0.70 
Coomassie brilliant blue G-
250 solution (mL) 
5 5 5 5 5 5 5 
Protein concentration 
(μg/mL) 
0 5 10 15 20 25 30 
 
After NEW combined with ultrasonic treatment, 1 mL suspension sample was 
neutralised by 9 mL neutraliser. And the mixture was used as analysis sample. 
It was centrifuged (14 000 × g) for 3 min at 4ºC. 1 mL supernatant was collected, 
and added 5 mL Coomassie brilliant blue G-250 staining solution. After staining 
for 5 min, the absorption value at 595 nm wavelengths was detected, and the 
leakage of proteins was detected using colorimetric assay at 595 nm[6,44].  
 
2.6 Treatment of biofilm on the coupons 
 
Sterile stainless steel coupons were placed individually in an upright position, 
into sterile Petri dishes (90 mm diameter) containing 20 mL of the inoculation 
solution composed by 2 mL cell inoculums in sterile dH2O (ca. 9 log CFU/mL 
for E. coli ATTC 25922, ca. 8 log CFU/mL for P. pastoris GS115, ca. 6 log 
CFU/mL for A. pullulans 2012) and 18 mL 10-fold diluted media (TSB for E. 
coli ATTC 25922, MEB for P. pastoris GS115 and A. pullulans 2012). Petri 
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dishes were incubated at 4°C for 24 h to facilitate attachment of cells[2,41], and 
followed by 25ºC for 48 h. Then coupons were removed from the inoculation 
solutions with a sterile forceps, gently rinsed in a circular motion in 400 mL 
sterile PBS for 15 s to remove the cells not firmly attached to the coupons. Then 
the washed coupons were placed in sterile Petre dishes containing 20 mL 10-
fold diluted fresh media and incubated at 25°C for 12 d to allow the formation 
of the biofilms. After the biofilms formation, coupons were washed in PBS as 
described before to remove the not firmly attached cells. The washed coupons 
were transferred to 15 mL tube with 10 mL NEW or sterile DW (control) with 
or without ultrasound.  
 
After treatment, survival cells in each of the suspension and on the coupon were 
enumerated. Three replicate experiments were performed for each combination 
of treatment method and treatment time. 
 
2.7 Statistical analysis 
 
All experiments were repeated three times to ensure the validity and 
reproducibility of the experimental data. One-way ANOVA with significant 
difference was conducted to assess the significance of effects of environmental 




CHAPTER 3      RESULTS AND DISCUSSION  
 
3.1 Treatment of planktonic cells with NEW 
 
Fig. 3-1 shows the sanitising effect of NEW (FAC: 4 mg/L) at different time on 
the planktonic cells of the three strains. The DW could not show significant 
effect on the survival rate of the three strains within 10 min. That was used as 
control group. The NEW (FAC: 4 mg/L) showed excellent microbicidal 
efficacy for the planktonic cells. As shown in Fig. 3-1A, within 0.1 min, it would 
reduce about 2 log CFU/mL for E. coli ATTC 25922, the survival population of 
E. coli ATTC 25922 was below the detection limit after 5 min treatment. 
Moreover, the time for NEW to reduce P. pastoris GS115 below the detection 
limit was short as 3 min (Fig. 3-2B). 
 
However, as the Fig. 3-1C(1), C(2) shown, the NEW failed to completely 
sanitise the A. pullulans 2012 with high initial inoculum concentration (6 log 
CFU/mL) even within 10 min. When the initial inoculum concentration was as 
low as 5 log CFU/mL, the NEW did show effective sanitising ability. Therefore, 
the sanitising effect of NEW on A. pullulans 2012 was significantly influenced 







Fig. 3-1 The sanitising effect of NEW (FAC: 4 mg/L) at different time on the 
planktonic cells 
A: E. coli ATTC 25922 with 9 log CPU/mL inoculum; B: P. pastoris 
GS115with 8 log CFU/mL inoculum; C(1): A. pullulans 2012 with 6 log 
CFU/mL inoculum ; C(2): A. pullulans 2012 with 5 log CFU/mL inoculum. The 
detection limit was 2 log CFU/mL 
a-e: Within each series, indicating significant difference of surviving 
populations of different treatment (P < 0.05). 
 
In another report, NEW containing about 50 mg/L FAC resulted in > 5 log 
CFU/mL reduction of four foodborne pathogens (Salmonella, E. coli O157:H7, 
Listeria innocua and Erwinia carotovora with 8 log CFU/mL initial 











































































































































































5.8) with 21 mg/L FAC could also reduce > 5 log CFU/mL for E. coli and 
Staphylococcus aureus for 90 s[46]. In Xiong’s report, NEW and AEW with the 
same 30 mg/L FAC could be completely lethal to Aspergillus flavus for 90 s 
and 120 s, respectively. Moreover, the result was explained by the radical 
species study. OH. radical was the important bactericidal factor, and their 
content in NEW was higher than that in AEW[31]. In Yang’s research, 
Electrochemically activated water (FAC: 100 mg/L) had sanitizingeffects of at 
least 5 log CFU/mL reductions on liquid culture for E. coli O157:H7, L. 
monocytogenes and Salmonella, respectively[47]. Those results were better than 
that in this study due to higher chlorine concentration.  
 
The active agents responsible for bactericidal effect in NEW were chlorine 
related substances, including chlorine (Cl2), hypochlorous acid (HClO), and 
hypochlorous acidic ion (ClO-)[48]. Free chlorine in electrolysed water was 
found sufficient to cause reductions of bacterial cells[49]. According this 
research, low concentration NEW (FAC: 4 mg/L) was an effective method to 
control microorganism in pure cultures, and it had a very broad spectrum of 
action against bacteria[30].Besides, it was accessible for strict organic food 
sanitising. However, attached cells would like to show more resistance to 
sanitisers. Therefore, the bactericidal effect of NEW (FAC: 4 mg/L) was further 
researched for the two attached cells, respectively air-dried attached state and 




3.2 Treatment of air-dried cells on coupons 
 
In theory, the microorganism amounts on each coupon was ca. 8, 7 and 6 log 
CFU/coupon respectively for E. coli ATTC 25922, P. pastoris GS115 and A. 
pullulans 2012. However, after 20 h air-dried, the reduction of cells population 
was about 1 log CFU/coupon, The final population on coupons for E. coli ATTC 
25922, P. pastoris GS115 and A. pullulans 2012 was 6.87, 6.31, 5.04 log 
CFU/coupon, respectively). That would be due to the dried concentration is 
tough for the cells. It has been considered that the risk of cross-contamination 
could be lowered when the surface is dry. However, In Kusumaningrum’s study, 
some non-sproe-forming bacteria (including Salmonella enteritidis, 
Campylobacter jejuni and Staphylococcus aureus) showed good resistance to 
dry conditions on surfaces. These microorganisms could transfer from stainless 
steel surfaces to the cucumber and chicken fillet with 20%-100% transfer 
rates[50].  
 
Table 3-1 shows the treatment effect on air-dried cells on coupons of four 
different sanitising methods. As can be seen, for the air-dried cells on stainless 
steel coupons, the DW could reduce 1.12, 0.89, 1.05 log CFU/coupon for E. coli 
ATTC 25922, P. pastoris GS115, A. pullulans 2012, respectively. However, the 
attached cells could not be readily accessible to the NEW. For E. coli ATTC 
25922, only anther 1.2 log CFU/coupon was reduced by NEW compared to DW 
control. And NEW even did not show significant effect on the cells on coupons 
for P. pastoris GS115 and A. pullulans 2012.Therefore, the air-dried attached 
cells were less susceptible to NEW than planktonic cells.  
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Table 3-1 Survival populations on coupon and in suspension when air-dried 
cells on coupons treated by DW, NEW, ultrasound and NEW combined with 
ultrasound 
Treatment  
Survival populations on coupon  
(log CFU/coupon) 
Survival populations in suspension 
(log CFU/mL) 
E. coli P. pastoris A. pullulans E. coli P. pastoris A. Pullulans 
Untreated 6.87±0.15a 6.31±0.22a 5.04±0.10a ND ND ND 
DI(CK) 5.75±0.23b 5.42±0.06b 3.99±0.11b 5.55±0.56a 5.87±0.03a 3.44±0.08a 
NEW* 4.56±0.22c 4.90±0.61bc 3.79±0.21b ND ND ND 
Ultrasound# 2.77±0.29d 4.33±0.09c 2.63±0.21c 5.75±0.05b 6.05±0.05v 3.73±0.11b 
NEW*  + 
ultrasound# 
ND ND ND ND ND ND 
 
a-c: Within each list, indicating significant difference of surviving populations 
of different treatment (P < 0.05). 
*: The FAC of NEW was 4 mg/L. 
#: The frequency of ultrasound was 37 kHz; ultrasonic power effective was 150 
W 
ND: The survival population on coupon < 2 log CFU/coupon. The survival 
population in suspension < 2 log CFU/mL. 
 
The results were in agreement with previous research. Numerous studies have 
suggested that microorganisms in attached state would be likely to resist various 
sanitisers[18]. When NEW (FAC: 50 mg/L) was applied to microorganisms 
inoculated on vegetable targets, the reduction was only 1-2 log CFU/g, which 
was much smaller than pure cultures. And no significant efficiency change was 
observed, when the treatment time increased from 1 min to 3 min[30].  
 
The survival population of cells in suspension was also detected. The results 
were shown in Table 3-1. It was failed to detect active cells in suspension for 
NEW treatment combined ultrasound or not. The results were in good 




It was notable that ultrasound treatment significantly reduced the cells on 
coupons more the 1 log CFU/coupon (P < 0.01) compared to DW group, and 
the value was as high as 2.98 log CFU/coupon for E. coli ATTC 25922. 
However, the population in suspension was significantly about 0.2 log CFU/mL 
(equivalent to 2 log CFU/coupon) increased by ultrasound compared to DW (P 
< 0.01). As a result, the total survival cells both on coupons and in suspensions 
had no significant difference between the DW and ultrasound treatment. That 
was meaning that the ultrasound itself had little microbicidal efficacy. 
 
Combining NEW and ultrasound, the application of ultrasound would be likely 
to detach the cells from the surfaces, making it easier for HClO to penetrate the 
cells. In addition, the ultrasound could make better dispersion of HClO in the 
aqueous media[51]. In another research, if the ultrasound was followed by NEW 
(FAC: 5-10 mg/L), the microorganism reduction on the lettuce could increase 
from 2.32 to 3.18 log CFU/g compared to NEW treatment. That research was 
carried out at 40ºC. There could be synergistic effect of ultrasound and 
temperature[35]. In this research, when the combination method was applied for 
sanitising stainless steel coupons, it would not only shorten the bactericidal 
reaction but also improve the sanitising effect. 
 
 
3.3 The kinetics of the treatment for air-dried cells on coupons 
 
In part 3.2, the sanitising treatment effect only focused on one time point (5 
min). There could be more information hided in the sanitising process. 
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Therefore, it was necessary to further research the kinetics of NEW treatment 
and NEW combined with ultrasound treatment for air-dried cells on coupon.  
 
Fig. 3-2 showed the kinetics of NEW and NEW combined ultrasound for air-
dried cells. We can see that there were some differences between the three 
survival population curves. For E. coli ATTC 25922, the population on coupons 
was 6.34 log CFU/coupon (theoretically 8 log CFU/coupon) without treatment. 
When sanitised by NEW, the value rapidly reduced by 2 log CFU/coupon within 
2 min, and in the last 5 min it reduced by 0.8 log CFU/coupon. There was a very 
different model for NEW combined ultrasound treatment method. Within short 
as 0.2 min, the survival cells on coupon were rapidly reduced by 2.2 log 
CFU/coupon. Moreover, it could not detect survival E. coli ATTC 25922 on the 






























































Fig. 3-2 Sanitising kinetics for bactericidal effect of NEW (FAC: 4 mg/L), and 
NEW combined with ultrasound (frequency: 37 kHz, ultrasonic power effective: 
150 W) for air-dried cells on coupons 
A: E. coli ATTC 25922 (6.34 log CFU/coupon); B: P. pastoris GS115 (6.32 log 
CFU/coupon); C: A. pullulans 2012 (4.92 log CFU/coupon). 
a-f: Within each series, indicating significant difference of surviving 
populations of different treatment (P < 0.05). 
#: The survival population on coupon was below the detection limit was 2 log 
CFU/coupon.  
 
For P. pastoris GS115 (Fig. 3-2B), the population reduced from 6.32 log 





































































































relatively stable reduction speed during the NEW treatment. When ultrasound 
was combined with NEW to treat the coupons, the survival population was 
reduced to 3.22 log CFU/coupon for 0.2 min. And the time was as short as 1.5 
min to reduce all P. pastoris GS115 cells on coupon below detection limit by 
NEW and ultrasound.  
 
However, as shown in Fig. 3-2C, NEW showed poor sanitising effect on A. 
pullulans 2012 dried on coupons. On one hand, that could be due to stronger 
acting force between the cells and the coupons, and that might inhibit the 
effective action of the microbicide. On the other hand, A. pullulans 2012 showed 
stronger resistance to NEW. However, in NEW combined with ultrasound 
group, 1 log CFU/coupon reduction was reached within the first 0.1 min. And 
the reduction speed was relatively stable for the following 4 min. It was 5 min 
for A. pullulans 2012 to reduce the survival population on coupons below 
detection limit.  
 
In conclusion, the combination method was much better sanitising effect for air-
dried state cells on coupons. However, if the cells were just transferred from the 
coupons to the solution, it could not completely avoid the microbial 
contamination on the food product. Therefore, it was necessary to further 
research the survival cells in the suspension. The results are present in Table 3-









Table 3-2  Survival populations in suspension when the air-dried attached cells 











0.1 4.79±0.22aA 4.61±0.57aA 4.26±0.22abA 4.69±0.13aB ND 4.52±0.11a 
0.2 5.26±0.26aA 4.06±0.12bB 4.65±0.36aA 4.22±0.18bA ND 4.42±0.08a 
0.5 4.23±0.19bA 3.73±0.19bB 3.99±0.24abA 3.18±0.07cB ND 4.28±0.10a 
1.0 3.52±0.56bcA 3.18±0.24cA 3.70±0.83bcA 2.39±0.06dB ND 3.83±0.41b 
1.5 2.90±0.18cA 2.53±0.08dB 3.00±0.31cA 1.84±0.25eB ND 4.26±0.12a 
2.0 2.67±0.21dA 2.10±0.02dB 2.97±0.18cd ND ND 3.63±0.33bc 
3.0 ND  2.11±0.44d 2.28±0.42e ND ND 3.47±0.25c 
4.0 2.47±0.09dA 1.48±0.99eA 2.55±0.67de ND ND 2.82±0.57d 
5.0 ND  ND  1.87±0.97e ND ND ND 
7.0 ND  ND  ND ND ND ND 
 
a-e: Within each list, indicating significant difference of surviving populations 
of different treatment.(P < 0.05). 
A-B: Within each row for each strain, indicating significant difference of 
surviving populations of different treatment. (P < 0.05). 
*: The FAC of NEW was 4 mg/L. 
#: The frequency of ultrasound was 37 kHz; ultrasonic power effective was 150 
W. 
ND: The survival population in suspension < 2 log CFU/mL. 
 
As we can see in Table 3-2, for E. coli ATTC 25922 and P. pastoris GS115, 
there were still some cells transferred to suspension spontaneously in NEW 
group. That could be caused by the loose interaction between the cells and the 
coupons. The interaction was likely to depend on the structure of the walls of 
the cells and the secretion of extracellular polymeric substance. It should be 
more cells detached by ultrasound into suspension. However, in this 
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combination study, we found that there were not more survival cells in the 
suspension, and it was even less survival cells compared to NEW. It was more 
likely that even though the more cells were detached by ultrasound, the more 
cells could be killed in the suspension. That might be due to the ability of 
ultrasound to make HClO easier penetrate the cells, and to make better 
dispersion of HClO in the aqueous media.  
 
It was notable that the suspension could not detect survival cells for A. pullulans 
2012 for the whole NEW treatment. It was associated with that the cells on 
coupons was scarcely affected by NEW. However, in the NEW combined 
ultrasound treatment, the cells could be detached into suspension effectively by 
ultrasound, and then the NEW could attack more cells and get much sufficient 
sterilisation effect both for cells on coupon and cells in suspension. Therefore, 
the combination method would not only shorten the bactericidal reaction and 






3.4 Atomic force microscopy (AFM) study of the NEW treatment 
 
The ultrastructure of cells air-dried on coupons were examined and 
photographed using AFM. After sanitising treatment by NEW and DW for 5 
min, the coupons underwent being neutralised and dried. In this part, the images 
of microbial cells after NEW combined with ultrasound were not shown due to 




Fig. 3-3 AFM images for E. coli ATTC 25922 cells dried on coupons treated 
by DW (A), NEW (FAC: 4 mg/L) (B) for 5min 
 
It should be noted that the cells were clearly washed by PBS to remove the extra 
impurities. When the coupons were treated by DW for 5 min, there were no 






3-4A), and the images respectively showed the typical rod-shaped and yeast-
like elliptical morphology with smooth surfaces. Besides, the size of E. coli 
ATTC 25922 was about 0.5 μm × 1.5 μm. For P. pastoris GS115, it was about 
1.0 μm × 2.0 μm.  
 
 
Fig. 3-4 AFM images for P. pastoris GS115 cells dried on coupons treated by 
DW (A), NEW (FAC: 4 mg/L)  (B) for 5 min 
 
However, after sanitised by NEW for 5 min, there was obvious damage on the 
cells (Fig. 3-3B, 3-4B). The cellular structure became disordered, and the 
surface became irregular, with breaches in the wall. The small substances would 
be intracellular contents of the cells. It would the leakage of intercellular 
inclusions caused by the change of cellular membrane permeability and 







the NEW could destroy and disintegrate the cells and showed bactericidal effect 
on the cells on the coupons. 
 
In Zeng’s research, transmission electronic microscopy (TEM) was used to 
investigate the effects of electrolysed water with 12.4 mg/L FAC on bacterial 
ultrastructure. After treated for 3 min, the membrane of E. coli was obscure; and 
the cell membrane ruptured. After 5 min, the cell wall was seriously damaged, 
leading to leakage of cytoplasm[45]. The changes to cell envelope and cytoplasm 
caused by NEW were also observed in another study[27]. These reports supported 
the current result in this research. The NEW could damage the permeability 
barriers and release the intracellular substances.  
 
Fig. 3-5 AFM images for A. pullulans 2012 cells dried on coupons treated by 







However, For A. pullulans 2012 cells dried on coupons, there were no 
significant changes of the cell morphology (Fig. 3-5). Besides, the size of A. 
pullulans 2012 was too big to be scanned fully in the scanning area, which could 
affect the estimation of the cell dimensions. Moreover, the NEW showed little 
effect on A. pullulans 2012 air-dried on coupons. The structure of fungi was not 
very sensitive to the electrolysed water. 
 
3.5 The intracellular protein leakage of combination treatment 
 
When the cell membranes are damaged, the intracellular protein could leak out. 
Therefore, the protein leakage could be used to investigate the damage of the 
cell membranes caused by the sanitising[52]. In order to understand the sanitising 
mechanism of the NEW combined ultrasound for air-dried cells on coupons, the 
leakage of intracellular protein was investigated by Coomassie brilliant blue G-
250 method Therefore, after treated by NEW combined with ultrasound, the 
absorbency at 595 nm of the suspension was measured to get the intracellular 
protein concentration.  
 
In this research, the intracellular protein leakage is shown in Fig. 3-6. The 
leakage of intercellular for the three microorganisms increased rapidly and then 
stablised. For E. coli ATTC 25922 and P. pastoris GS15, the protein 
concentration in suspension increased to 1.41 μg/mL and 1.73 μg/mL, 
respectively after 3 min, and then stayed relatively stable. However, there were 
still some discrepancies for A. pullulans 2012. Its protein leakage rapidly 
increased to 6.22 μg/mL after 2 min treatment while it was 5.18 μg/mL at 7 min. 
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The increase of protein leakage could suggest that the treatment enhanced 
membrane permeability.  
 
In other reports, it was also found that there was a slight protein decrease at later 
stage of sanitising. The slight protein decrease could be attributed to the further 
reactions with the reactive oxygen, hypochlorous acid, or the nascent oxygen 
produced by the decomposition of hypochlorous acid in NEW[45,52].  
 
The absence of the decrease stage for E. coli ATTC 25922 and P. pastoris 
GS115 could be due to the low protein concentration in the suspension. For the 
ultrasound group, the protein leakage was much less. The hydromechanical 
shear forces and sonocheical reactions took place in cavitation phenomena, 
which were responsible for bactericidal effect of ultrasound. However, in this 
research, we only found detachment effect rather than bactericidal effect. 
Ultrasound itself made less effect on the membrane permeability. Therefore, the 
main protein leakage in the combination group would be more likely caused by 
the attack of the active substances (such as Cl2, HClO, ClO



















































































































Fig. 3-6 Protein leakage in suspension after air-dried coupons were treated by 
ultrasound (frequency: 37 kHz, ultrasonic power effective: 150 W) and NEW 
(FAC: 4 mg/L) combined with ultrasound.  
A: E.coli ATTC 25922 (theoretically 8 log CFU/coupon); B: P. pastoris GS115 
(theoretically 7 log CFU/coupon); C: A. pullulans 2012 (theoretically 6 log 
CFU/coupon). 
a-e: Within each series, indicating significant difference of surviving 
populations of different treatment (P < 0.05). 
 
In another report, the protein leakages of E.coli and Staphylococcus aureus 
could be reached as high as 20.50 and 15.00 μg/mL, respectively when treated 
by electrolysed water (FAC: 25.10 and 49.70 mg/L, respectively) for 1 min[45]. 
However, in this current study, protein leakages of E. coli ATTC 25922 and P. 
pastoris GS115 were much lower, which could be due to that the total cell 
number in the suspension was much less and the lower chlorine concentration. 
The reason for the higher protein leakage of A. pullulans 2012 was still not clear. 





3.6 Biofilm on coupons 
 
If the microorganisms formed biofilms on coupons, it would be affect the 
sanitising treatment. After the biofilm formation, the cells population was 7.21, 
6.04 and 4.83 log CFU/coupon for E. coli ATTC 25922, P. pastoris GS115 and 
A. pullulans 2012, respectively. The sanitising efficacy for biofilm is shown in 
Table 3-3. For DW, the cells on coupon decreased by 0.38, 0.62, 0.99 log 
CFU/coupon for E. coli ATTC 25922, P. pastoris GS115, A. pullulans 2012 (P 
< 0.05), respectively. However, it was less than the value (1.12, 0.89, 1.05 log 
CFU/coupon, respectively) for cells air-dried on coupon (Table 3-2). It 
suggested that the interaction between cells and coupons in biofilms was much 
stronger than in air-dried adhesion. The results also proved that biofilms are 
more resistant to NEW. A disinfection agent containing hydrogen dioxide and 
peroxyacetic acid could only reduce the biofilms by 1-2 log logarithmic 
cycles[53].  
 
More cells ranged 0.96 to 2.18 log CFU/coupon was reduced by NEW 
compared to DW control (P < 0.05). It showed sanitising effect, but there were 
still microorganisms on the coupon. For NEW combined ultrasound, the results 
were in accordance with the air-dried cells. Ultrasound could detach the cells 
from the surfaces, making better dispersion of HClO in the aqueous media, and 
making HClO penetrate the cells easier. Therefore, the combination method 





Table 3-3 Survival populations on coupon and in suspension when biofilms on 
coupons treated by DW, NEW, Ultrasound, NEW combined with ultrasound. 
Treatment  
Survival populations on coupon  
(log CFU/coupon) 
Survival populations in suspension 
(log CFU/mL) 
E. coli P. pastoris A. pullulans E. coli P. pastoris A. Pullulans 
Untreated 7.21±0.12a 6.04±0.25a 4.83±0.31a ND ND ND 
DW(CK) 6.83±0.25b 5.42±0.28b 3.84±0.06b 5.24±0.56a 3.85±0.42a 2.78±0.11 a 
NEW* 4.65±0.35c 4.46±0.37c 2.50±0.05c ND ND ND 
Ultrasound# 4.89±0.04c 3.70±0.08d 3.03±0.31c 6.18±0.08b 4.92±0.12b 3.65±0.48b 
NEW*+ 
ultrasound# 
ND ND ND ND ND ND 
 
a-d: indicating significant difference of surviving populations of different 
treatment (P < 0.05). 
*: The FAC of NEW was 4 mg/L. 
#: The frequency of ultrasound was 37 kHz; ultrasonic power effective was 150 
W 
ND: The survival population on coupon was below the detection limit was 2 log 
CFU/coupon. The survival population in suspension was below the detection 
limit was log CFU/mL. 
 
In another research, using electrolysed water (pH: 2.6, ORP: 1160 mV, FAC: 
56 mg/L) to treat the Listeria monocytogenes biofilms on stainless steel surfaces 
with a shaker to continuously stir at 100 rpm. Only 1-5 log CFU/coupon were 
observed after 5 min of treatment[54]. The result was less than NEW combined 
with ultrasound group. Moreover, the FAC was much lower in this work. 
Therefore, the ultrasound could play more important role in the treatment 
compared to stirring.  
 
Table 3-3 also shows the survival population of cells in suspension after 
treatment. The ultrasound treatment significantly reduced the cells on coupons. 
Moreover, the population in suspension was significantly increased compared 
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to DW. The ultrasound itself did not show sanitising effect but detach the cells 
from coupons. For NEW and NEW combined with ultrasound group, there was 
no detectable survival cells. The results were in good accordance with the 
treatment on planktonic cells and air-dried cells (Fig. 3-1, Table 3-2). In general, 
the NEW combined with ultrasound effectively sanitised the biofilms on 









1) The NEW with 4 mg/L FAC, showed excellent microbicidal efficacy for the 
planktonic cells. E. coli ATTC 25922 and P. pastoris GS115 were 
remarkably sensitive to NEW. The sanitising ability for A. pullulans 2012 
was affected by the cells’ concentration. When the concentration was as low 
as 5 log CFU/mL, the NEW showed effective sanitising ability. Therefore, 
low concentration NEW was an effective method to control microorganism 
in pure cultures, and it had a very broad spectrum of action against bacteria. 
 
2) For air-dried cells on coupons, NEW combined ultrasound showed the best 
sanitising ability, the method could effectively reduce the survival cells both 
on coupons and in suspension below the detection limit within 5 min. In the 
protein leakage study, the protein concentration in suspension for E. coli 
ATTC 25922 and P. pastoris GS115 increased by 1.41 μg/mL and 1.73 
μg/mL, respectively after 3 min treatment. In the AFM study, both E. coli 
ATTC 25922 and P. pastoris GS115 showed visible cell damage after NEW 
treatment,  suggesting that NEW caused the damage of cellular membrane 
permeability.  
 
3) For biofilms on coupons, NEW combined ultrasound showed the best 
sanitising ability. It could effectively reduce the survival cells both on 
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coupons and in suspension below the detection limit within 5 min. Therefore, 
this method showed potential to remove microbial contamination on the 
surfaces of equipment, and other related substrates. Ultrasound in 
combination with low concentration NEW could be developed as a practical 
and effective short-time food processing intervention for sanitising. 
 
4.2 Limitations and Recommendations 
 
In this thesis, the focus of the research was on NEW (FAC: 4 mg/L), and NEW 
combined ultrasound for E. coli ATTC 25922 and P. pastoris GS115 and A. 
pullulans 2012, in three state, planktonic state, air-dried adhesion state on 
coupons, and biofilm state on coupons, respectively. The kinetics of the NEW 
and NEW combined ultrasound sanitising treatment on air-dried cells on 
coupons was also investigated.   
 
There could be various microorganisms in the environment. The cells adhesion 
and biofilm with various microorganisms would be different from each other. 
Therefore, the condition of the experiment might be different from the real food 
processing situation. In view of these limitations, additional studies could be 
conducted in the future.  
 
1) For the biofilms on coupons, the kinetics of the treatment, and AFM study, 
protein leakage study should be further investigated to compare with the 




2) For the two functions of AFM, apart from structural imaging assay, it also 
can be used as force-distance measurements. As a result, AFM could be 
used to quantify the force between probe and cells and the elasticity of cells 
surface, to investigate the interaction force over the adhesion cells surface, 
and to reflect the sanitising treatment effect on the adhesion of 
microorganisms or biofilms[55,56]. 
 
3) The sanitising treatment could have some effects on the stainless steel 
coupons, such as increasing the roughness[43]. For mechanism of the 
sanitising, except the protein leakage, leakage of DNA, enzyme properties 
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